The mitogen-activated protein (MAP) kinases, extracellular signal-related kinase 1 (ERK1) and ERK2, regulate cellular responses by mediating extracellular growth signals toward cytoplasmic and nuclear targets. A potential target for ERK is topoisomerase II␣, which becomes highly phosphorylated during mitosis and is required for several aspects of nucleic acid metabolism, including chromosome condensation and daughter chromosome separation. In this study, we demonstrated interactions between ERK2 and topoisomerase II␣ proteins by coimmunoprecipitation from mixtures of purified enzymes and from nuclear extracts. In vitro, diphosphorylated active ERK2 phosphorylated topoisomerase II␣ and enhanced its specific activity by sevenfold, as measured by DNA relaxation assays, whereas unphosphorylated ERK2 had no effect. However, activation of topoisomerase II was also observed with diphosphorylated inactive mutant ERK2, suggesting a mechanism of activation that depends on the phosphorylation state of ERK2 but not on its kinase activity. Growth and differentiation factors regulate the mitogenactivated protein kinases (MAPKs), extracellular signal-related kinase 1 (ERK1) and ERK2, through pathways utilizing receptor tyrosine kinases, cytokine receptors, and heterotrimeric G protein-coupled receptors (for a review, see reference 33). Activation occurs by coupling of receptors to Ras, Raf-1, and MAPK kinase 1 (MKK1) or MKK2, the latter of which activates ERK directly through phosphorylation at regulatory threonine and tyrosine residues. In response to phosphorylation, ERK translocates to nuclei, an event which has been shown to involve phosphorylation and dimerization of this kinase, although enhancement of its specific activity is not required (23). Nuclear uptake of ERK is strongly correlated with proliferation of fibroblasts and neuronal differentiation of PC12 cells (52, 54); thus, the identification of nuclear substrates for this enzyme is an important goal in elucidating mechanisms for biological control.
The mitogen-activated protein (MAP) kinases, extracellular signal-related kinase 1 (ERK1) and ERK2, regulate cellular responses by mediating extracellular growth signals toward cytoplasmic and nuclear targets. A potential target for ERK is topoisomerase II␣, which becomes highly phosphorylated during mitosis and is required for several aspects of nucleic acid metabolism, including chromosome condensation and daughter chromosome separation. In this study, we demonstrated interactions between ERK2 and topoisomerase II␣ proteins by coimmunoprecipitation from mixtures of purified enzymes and from nuclear extracts. In vitro, diphosphorylated active ERK2 phosphorylated topoisomerase II␣ and enhanced its specific activity by sevenfold, as measured by DNA relaxation assays, whereas unphosphorylated ERK2 had no effect. However, activation of topoisomerase II was also observed with diphosphorylated inactive mutant ERK2, suggesting a mechanism of activation that depends on the phosphorylation state of ERK2 but not on its kinase activity.
Nevertheless, activation of ERK by transient transfection of constitutively active mutant MAP kinase kinase 1 (MKK1) enhanced endogenous topoisomerase II activity by fourfold. Our findings indicate that ERK regulates topoisomerase II␣ in vitro and in vivo, suggesting a potential target for the MKK/ERK pathway in the modulation of chromatin reorganization events during mitosis and in other phases of the cell cycle.
Growth and differentiation factors regulate the mitogenactivated protein kinases (MAPKs), extracellular signal-related kinase 1 (ERK1) and ERK2, through pathways utilizing receptor tyrosine kinases, cytokine receptors, and heterotrimeric G protein-coupled receptors (for a review, see reference 33) . Activation occurs by coupling of receptors to Ras, Raf-1, and MAPK kinase 1 (MKK1) or MKK2, the latter of which activates ERK directly through phosphorylation at regulatory threonine and tyrosine residues. In response to phosphorylation, ERK translocates to nuclei, an event which has been shown to involve phosphorylation and dimerization of this kinase, although enhancement of its specific activity is not required (23) . Nuclear uptake of ERK is strongly correlated with proliferation of fibroblasts and neuronal differentiation of PC12 cells (52, 54) ; thus, the identification of nuclear substrates for this enzyme is an important goal in elucidating mechanisms for biological control.
The MKK/ERK pathway has an essential role in promoting S phase entry, through the phosphorylation of nuclear transcription factors such as Elk/p62TCF, induction of immediateearly genes such as Fos and Egr-1, and transcriptional upregulation of cyclin D1 (3, 30, 31) . In contrast, targets for MKK or ERK in somatic cell mitosis are less well defined. MKK and ERK are activated within nuclei during prophase (48, 60) , indicating that this pathway may also promote early mitotic events. This is consistent with results suggesting that ERK inactivates the chromatin remodeling activity of the hSWI-SNF complex, an event necessary for mitotic chromosome condensation (50) .
DNA topoisomerase II is an important constituent of chromatin, functioning primarily in chromosome condensation and sister chromatid separation during mitosis, with possible secondary functions in transcription and DNA replication (39, 55) . It is the segregation of newly replicated daughter chromosomes that renders topoisomerase II essential to the survival of eukaryotic cells (14) . Two mammalian forms, topoisomerases II␣ (170 kDa) and II␤ (180 kDa), catalyze similar reactions involving double-stranded DNA breakage, double-strand passage, and religation (55) . The protein level of the ␣ isoform is upregulated in proliferating cells, whereas ␤-isoform expression does not significantly change during the cell cycle (25, 46) .
The ability of topoisomerase II to generate double-stranded breaks within the genome has been exploited in the treatment of human cancers (7, 18) . Antineoplastic drugs, such as the epipodophyllotoxin and etoposide, dramatically increase levels of topoisomerase II cleaved-DNA complexes, resulting in permanent DNA damage followed by apoptotic cell death. Cells containing high levels of topoisomerase II, such as cancer cells, which replicate more rapidly, are thus more susceptible to the cytotoxic effects of these drugs. Thus, signaling pathways that regulate topoisomerase II activity are highly relevant to the understanding and treatment of human disease.
Both topoisomerases II␣ and II␤ are phosphorylated throughout the cell cycle but become more highly phosphorylated during the G 2 and M phases of the cell cycle (6, 8, 20, 21, 25, 46, 51) . Casein kinase II (CKII) and protein kinase C (PKC) have been shown to phosphorylate and activate topoisomerase II in vitro (1, 8, 9, 13, 45, 56) . In addition, cyclin B/cdc2 and sea star MAP kinase have been shown to phosphorylate topoisomerase II␣ in vitro (57) , although a corre-sponding effect on topoisomerase activity or function has not been reported. Importantly, several residues phosphorylated in vitro have been shown to correspond to in vivo phosphorylation sites. In topoisomerase II␣, two of the four known sites targeted by proline-directed kinases have been shown to be enhanced during mitosis (57) .
In this article, we present evidence for direct interactions between topoisomerase II␣ and ERK and show that topoisomerase II␣ can be phosphorylated and activated by ERK2 in vitro. However, we found that topoisomerase II activation depends on the phosphorylation state, rather than the activity state, of ERK2, suggesting that binding interactions between phospho-ERK and topoisomerase II␣ are more relevant to the activation mechanism than is topoisomerase II phosphorylation. These studies suggest a novel function for the MKK/ERK pathway in the control of topoisomerase II␣ activity and chromatin structure.
MATERIALS AND METHODS
Enzyme purification. (i) Topoisomerase II. Topoisomerase II was purified from the nuclei of Drosophila melanogaster embryonic cells (Kc) by the procedure of Shelton et al. (49) , yielding a preparation that was Ն95% homogeneous and had no contaminating kinase activity (1). Human topoisomerase II␣ was expressed and purified from the yeast Saccharomyces cerevisiae (28) , yielding a preparation that was 95% homogeneous and had contaminating kinase activity ascribed to CKII (4) .
(ii) (His) 6 -ERK2. Wild-type or K52R mutant (His) 6 -tagged rat ERK2 (a gift of Melanie Cobb) was expressed in bacteria, purified by Ni 2ϩ -nitrilotriacetic acid (NTA) metal affinity chromatography (Qiagen), and activated with MKK1-G7B (⌬N4/S218D/M219D/N221D/S222D) (35) , which was expressed in bacteria and subjected to proteolysis with enterokinase to remove the (His) 6 tag. Reaction mixtures contained 170 g of ERK2, 15 g of MKK1-G7B, 4 mM ATP, 15 mM MgCl 2 , 20 mM HEPES (pH 7.4), and 0.2% (vol/vol) ␤-mercaptoethanol, in a final volume of 1 ml, and were incubated for 3 h at 30°C. ERK2 was purified away from MKK and ATP by adsorption to Ni 2ϩ -NTA resin for 20 min at room temperature; washed three times, each with 1 ml of 10 mM HEPES (pH 7.4)-0.2% ␤-mercaptoethanol; and eluted with a solution containing 10 mM Tris (pH 8.0), 0.3 M imidazole, and 0.2% ␤-mercaptoethanol. Aliquots of the activated ERK2 were snapfrozen in liquid nitrogen and stored at Ϫ80°C. The specific activity of this preparation was 1.5 mol/min/mg of protein, as measured with 0.3 mg of myelin basic protein (Sigma)/ml as the substrate (37) . A (His) 6 [36] ), yielding partially phosphorylated ERK2-H176E/L 4 A, which was further phosphorylated as described above for wild-type ERK. ERK proteins were desalted by using 50-to 150-l macrospin columns (G-10; Amika Co.) equilibrated in 20 mM Tris-HCl (pH 7.9) containing 50 mM NaCl and 1 mM dithiothreitol (DTT).
Cell culture and transfection. Mouse NIH 3T3, human A431, human 293, and rat kangaroo PtK1 cells were maintained in Dulbecco's modified Eagle's medium supplemented with penicillin (100 U/ml), streptomycin (100 g/ml), and 10% fetal bovine serum (Gibco-BRL). Human CC19 cells were grown in McCoy's medium with penicillin, streptomycin, and 15% fetal bovine serum.
NIH 3T3 cells were seeded at a density of 4 ϫ 10 5 cells per 6-cm-diameter plate and at 50 to 80% confluence were transfected with 1 g of cDNA, using 5 l of Lipofectamine (Gibco-BRL), according to the manufacturer's instructions; they were harvested 40 h posttransfection. The transfection efficiency was estimated to be 30 to 40%, based on cell fluorescence in parallel transfections using a construct expressing green fluorescent protein (pK7-GFP; a gift of Ian Macara). The cDNA constructs for expression of wild-type MKK1 and constitutively active MKK1 (MKK1-G1C [⌬N4/S218E/S222D]) were previously described (35, 58) .
Preparation of nuclear extracts. NIH 3T3 cells were grown to 80% confluence in three 6-cm-diameter culture dishes, washed once with cold phosphate-buffered saline (PBS), and scraped, in 1 ml of cold PBS, into 1.5-ml microcentrifuge tubes. The cells were pelleted by centrifugation at 2,500 ϫ g for 30 s. This was followed by removal of the PBS; addition of 400 l of a cold solution containing 10 mM HEPES (pH 7.5), 1.5 mM MgCl 2 , 10 mM KCl, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and incubation on ice for 15 min. The cells were lysed by slowly drawing the cell suspension through a 26-gauge hypodermic needle and then rapidly ejecting it; this was repeated 10 times. Homogenates were then centrifuged at 23,000 ϫ g for 30 s, producing a crude nuclear pellet and a postnuclear or cytoplasmic fraction. The crude nuclear pellet was incubated on ice with frequent vortexing for 30 min in a solution containing 20 mM HEPES (pH 7.5), 1.5 mM MgCl 2 , 25% (vol/vol) glycerol, 420 mM NaCl, 0.2 mM EDTA, 1 mM DTT, and 0.5 mM PMSF; then it was centrifuged at 23,000 ϫ g for 5 min. The resulting supernatant, containing the nuclear fraction, was dialyzed for 2 h against a cold solution consisting of 20 mM HEPES (pH 7.5), 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 1 mM DTT, and 0.5 mM PMSF.
Binding assays and coimmunoprecipitations. Glutathione S-transferase (GST)-ERK2 (a gift of Melanie Cobb) was expressed in bacteria, purified on glutathione-Sepharose resin (Pharmacia), and stored in a solution containing 20 mM HEPES (pH 7.5), 120 mM NaCl, 10% glycerol, 2 mM EDTA, 0.5% Triton X-100, 1 mM benzamidine, 0.5 mM PMSF, and 10 g of aprotinin/ml. In some cases, GST-ERK2 bound to glutathione-Sepharose was activated with constitutively active MKK1-G7B in kinase buffer (KB; 25 mM HEPES [pH 7.4], 15 mM MgCl 2 , 1 mM ATP, 1 mM sodium orthovanadate, and 1 mM DTT). Following reaction with MKK1, active immobilized GST-ERK2 was washed extensively with KB to remove the MKK1 protein. Inactive immobilized GST-ERK2 was also washed with KB. Activation of GST-ERK2 was confirmed by gel mobility retardation and by reactivity on immunoblots with anti-active MAPK antibody (Promega), which recognizes active, diphosphorylated ERK1 and ERK2. Bacterially expressed GST-p38 MAPK (a gift of Roger Davis) and GST-p21-activated kinase (PAK) (a gift of Melanie Cobb) were used in controls. Concentrations of GST fusion proteins were normalized based on Coomassie staining following sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
In binding assays using cell extracts, GST-ERK2 or GST-p38 MAPK (5 g) bound to 5 l of glutathione-Sepharose resin, or GST-PAK (5 g) bound to 5 l of resin, was added to nuclear extract (50 to 100 g of protein) and incubated with end-over-end mixing for 1 h at 4°C. Resin-bound protein complexes were washed once with wash buffer (25 mM HEPES [pH 7.4], 25 mM ␤-glycerophosphate, 25 mM MgCl 2 , 2 mM DTT, and 1 mM sodium orthovanadate) containing 100 mM KCl and three times with unsupplemented wash buffer.
Binding assays with purified topoisomerase II were carried out by incubating purified Drosophila topoisomerase II or human topoisomerase II␣ (0.8 g) in 30 l of KB plus 1 mM cold ATP in the presence of GST-ERK2 or GST-p38 MAPK (5 g, prepared and immobilized as described above) for 1 h at 30°C with occasional mixing. Kinase-topoisomerase II␣ complexes were washed as described above and separated by SDS-PAGE, and topoisomerase II␣ was visualized by immunoblotting. For coimmunoprecipitations of endogenous ERK2 and topoisomerase II␣, nuclear extracts from nocodazole-treated NIH 3T3 cells were incubated with 0, 0.2, or 2 g of anti-ERK2 antibody (C-14; Santa Cruz Biotechnology) for 2 h on ice; this was followed by addition of 20 l of protein A-Sepharose (Pharmacia) that had been pretreated with BSA at 0.5 mg/ml. After further incubation for 2 h at 4°C with constant mixing, the protein A-Sepharose resin was washed twice with 0.5 ml of a solution consisting of 25 mM HEPES (pH 7.4), 25 mM MgCl 2 , 1 mM DTT, and 100 mM KCl; this was followed by two washes, each with 0.5 ml of a solution containing 25 mM HEPES (pH 7.4), 25 mM MgCl 2 , and 1 mM DTT. ERK2 and coprecipitating topoisomerase II␣ were visualized by immunoblotting with a mixture of anti-ERK2 and anti-topoisomerase II␣ antibodies.
Phosphorylation and immunoprecipitation assays. The activity of immunoprecipitated ERK was measured by incubating washed, immobilized immune complexes in a final volume of 30 l containing KB with 10 Ci of [␥-
32 P]ATP, 30 M ATP, and 5 g of myelin basic protein for 10 min at 30°C. Reactions were quenched with Laemmli sample buffer, products were resolved by SDS-PAGE, and 32 P incorporation was quantified by phosphorimager analysis. Cyclin B/cdc2 activity was measured by phosphorylation of histone IIIS (5 g; Sigma), under similar conditions, following immunoprecipitation with anti-p34 cdc2 antibodies (catalog no. 17; Santa Cruz).
Topoisomerase II phosphorylation by ERK2 was measured in vitro by incubating Drosophila topoisomerase II (0.6 g) or human topoisomerase II␣ (0.8 g) with ERK2 (2 g) in a final volume of 20 l containing KB with 10 Ci of [␥-32 P]ATP and 2 mM cold ATP at 30°C. At various times, reactions were quenched by addition of Laemmli sample buffer and products were resolved by SDS-PAGE. 32 P incorporation into topoisomerase II was quantified by phosphorimager analysis.
DNA relaxation and decatenation assays. Topoisomerase II activity was measured by relaxation of supercoiled DNA (40) or decatenation of kinetoplast DNA (34) as described previously. Unless otherwise specified, the effect of ERK2 on topoisomerase II activity in vitro was measured by preincubating Drosophila topoisomerase II (0.6 g) or human topoisomerase II␣ (1.6 g) with purified (His) 6 -ERK2 (2 g) for 1 h at 30°C in a final volume of 20 l containing 25 mM HEPES, 15 mM MgCl 2 , 1 mM DTT, and 2 mM cold ATP. After preincubation, aliquots (containing 60 ng of Drosophila topoisomerase II or 160 ng of human topoisomerase II␣) were removed and added to 200 ng of supercoiled pUC119 DNA or 0.2 g of kinetoplast DNA prepared as described by Englund (17) (kindly provided by Daniel Bogenhagen). After incubation at 30°C (15 min for relaxation assays; 30 min for decatenation assays), reactions were quenched with 10 mM EDTA-0.1% SDS, and DNA products were resolved on 1% agarose-Tris-borate-EDTA gels and visualized with ethidium bromide. Fluorescence was quantified by using a charge-coupled device camera with digital imaging software (Alpha Innotech Corp.).
The effect of ERK activation on topoisomerase II activity in vivo was measured by transfecting NIH 3T3 cells with wild-type MKK1 or constitutively active MKK1-G1C, from which nuclear extracts were prepared. Prior to assay, levels of topoisomerase II␣ in nuclear extracts were determined by immunoblotting. Decatenation assays were carried out by incubating 0.2 g of kinetoplast DNA with nuclear extract (1 to 2 g of protein) or topoisomerase II␣ immunoprecipitated from an equivalent volume of nuclear extract. After 10 to 60 min at 30°C, reactions were quenched by addition of 10 mM EDTA-0.1% SDS and DNA products were resolved on 1% agarose-Tris-borate-EDTA gels. Agarose gels were stained with ethidium bromide, and fluorescence was quantified by digital imaging.
RESULTS
Topoisomerase II␣ and ERK2 associate in cell extracts and purified preparations. Interactions between endogenous ERK2 and topoisomerase II␣ proteins were examined by coimmunoprecipitation from nuclear extracts prepared from nocodazole-treated cells. Topoisomerase II␣ coimmunoprecipitated with ERK2 (Fig. 1, lanes 3 and 4) but not with protein A-Sepharose alone (Fig. 1, lane 2) .
To evaluate whether the phosphorylation state of ERK2 affected its interactions with topoisomerase II␣, phosphorylated or unphosphorylated GST-ERK2 was expressed and purified from bacteria and tested for binding with purified topoisomerase II␣. In vitro, purified human topoisomerase II␣ bound to GST-ERK2 immobilized on glutathione-Sepharose, as visualized by immunoblotting ( Fig. 2A) . Comparisons between the pelleted fraction of topoisomerase II␣ and the fraction remaining in the supernatant showed that approximately 20% of the topoisomerase II␣ had bound to either active diphosphorylated or inactive unphosphorylated forms of GST-ERK2 ( Fig. 2A) . Controls showed no evidence of interaction between topoisomerase II␣ and GST-p38 MAPK, a kinase with homology to ERK ( Fig. 2A) . In addition, no binding of topoisomerase II␣ to glutathione-Sepharose resin or to immobilized GST-PAK was observed (data not shown).
Topoisomerase II␣ derived from nuclear pools of human kidney 293 or mouse NIH 3T3 cells was also tested for binding 
FIG. 2. Specific binding between topoisomerase II␣ and GST-ERK2. (A)
Active diphosphorylated GST-ERK2 (ppERK), inactive unphosphorylated GST-ERK2 (ERK), or unphosphorylated GST-p38 MAPK was bound to glutathioneSepharose and incubated in vitro with purified human topoisomerase II␣. The resin was washed, and topoisomerase II␣ within immobilized complexes (PEL) or in equal proportions of the unbound pool (SUP) was resolved by SDS-PAGE and visualized by immunoblotting. (B and C) Cytosolic (C) and nuclear (N) extracts were prepared from (B) HEK293 or NIH 3T3 (C) cells; this was followed by incubation with inactive or active GST-ERK2 or GST-p38 MAPK immobilized on glutathione-Sepharose. After being washed, proteins were resolved by SDS-PAGE, and topoisomerase II␣ was examined by immunoblotting. Lanes 1 and 2 show equivalent volumes of cytosolic and nuclear extracts prior to incubation with GST proteins. Topoisomerase II␣ coprecipitated with both forms of GST-ERK2, but not with p38 MAPK. Results were reproduced in three separate experiments.
with GST-ERK2. As shown in Fig. 2B and C, active and inactive forms of GST-ERK2 were able to bind significant fractions of topoisomerase II␣ from nuclear extracts. Binding of cytosolic topoisomerase II␣ was minimal, reflecting the small amounts of enzyme in this pool. In controls, topoisomerase II␣ failed to bind to GST-p38 MAPK (Fig. 2B and C) , GST-PAK, or glutathione-Sepharose resin (data not shown). Topoisomerase II␣ from nuclear extracts of other cell lines, including A431 and CC19, also bound to GST-ERK2 but not to GST-p38 MAPK (data not shown).
Phosphorylation and activation of topoisomerase II␣ by ERK2 in vitro. Topoisomerase II␣ contains several potential phosphorylation sites for proline-directed protein kinases, some of which are targeted by cyclin B/cdc2 or sea star MAPK (57) . We examined whether active mammalian ERK2 could recognize purified Drosophila topoisomerase II as a substrate in vitro and found that topoisomerase II could be phosphorylated to a stoichiometry of 0.3 mol/mol of enzyme after 90 min (Fig. 3) . Topoisomerase II phosphorylation was not observed when inactive ERK2 was present (Fig. 3) .
Phosphorylation reactions were carried out in parallel, using human topoisomerase II␣ purified from S. cerevisiae as the substrate (data not shown). Incorporation of radiolabelled phosphate was observed in the absence of ERK2, reflecting the presence of a contaminating kinase in these preparations, previously identified as CKII (4). Nevertheless, human topoisomerase II␣ phosphorylation was further enhanced by active ERK2, with phosphate incorporation rates of 1.5 mol/mol of enzyme in the presence of active ERK2 and 0.7 mol/mol in the absence of ERK2. Thus, despite the high background, the phosphorylation stoichiometry of human topoisomerase II␣ that can be attributed to ERK2 after 90 min is approximately 0.8 mol/mol.
To evaluate the effects of ERK2 on topoisomerase II activity, purified Drosophila topoisomerase II or human topoisomerase II␣ was incubated with ERK2 in the presence of Mg-ATP and topoisomerase II activity was evaluated by examining the steady-state relaxation of supercoiled DNA (40) . Topoisomerase II activity, determined by measuring the rate of loss of supercoiled DNA, was enhanced by sevenfold following incubation with active ERK2 compared to the activity in the absence of ERK2 (Fig. 4) . The lower panels in Fig. 4A and B show the conversion of supercoiled DNA to relaxed DNA on agarose gels. Control incubations with a nonactivable ERK2-K52R mutant (Fig. 4A) showed little evidence of an effect on topoisomerase II activity and supported a model in which topoisomerase II requires phosphorylation by ERK2 for enhancement of activity. However, incubation with inactive wildtype ERK2 (Fig. 4) resulted in twofold enhancement of activity in spite of the absence of phosphorylation under similar conditions (Fig. 3) . 
Activation of topoisomerase II does not depend on phosphorylation.
The effects of wild-type ERK on topoisomerase II activity suggested that regulation of topoisomerase II activity might occur through phosphorylation-independent mechanisms. Therefore, we tested the requirement for phosphorylation by including or omitting Mg-ATP and by comparing catalytically active and inactive forms of ERK2 in preincubation reactions. Human topoisomerase II␣ activity was measured by decatenation of kinetoplast DNA as a specific assay for doublestrand cleavage. As shown in Fig. 5 by the increased formation of decatenated DNA compared to catenated DNA, topoisomerase II␣ activity was enhanced following preincubation with active, diphosphorylated ERK2 (Fig. 5A) . Interestingly, activation was also observed with catalytically inactive, diphosphorylated mutant ERK2 (Fig. 5B, ppERK KR) , indicating that the activation was not correlated with topoisomerase II␣ phosphorylation. Both forms of ERK2 were able to activate topoisomerase II␣, whether ATP was present in or absent from the preincubation buffer (Fig. 5) , confirming this observation. Similar results were also observed with Drosophila topoisomerase II (data not shown). In control reactions with diphosphorylated wild-type ERK2 in the absence of topoisomerase, no effect on kinetoplast DNA was observed, indicating that decatenation was due to topoisomerase II␣ (data not shown). In addition, no difference in the topoisomerase II activities measured before and after preincubation was observed (Fig. 5) , indicating that the activity was stable over the time course of preincubation with ERK2. These data thus support a mechanism in which phosphorylated ERK2 interacts with topoisomerase II in a manner that enhances the rate of catalysis by the topoisomerase.
Next, the dependence of ERK phosphorylation on topoisomerase II activation was tested. Although both diphosphorylated active wild-type and inactive mutant ERK2 enhanced topoisomerase II␣ activity, parallel reactions with unphosphorylated forms of the same kinases showed no effect on activity, as measured by kinetoplast DNA decatenation (Fig. 6A) . Coomassie staining of ERK proteins used in each set of preincubation conditions (Fig. 6A , lower panel) confirms a retardation of the mobility of phosphorylated ERK compared to that of the unphosphorylated forms (Fig. 6A ). Similar observations were made when topoisomerase II␣ activity was measured by relaxation assays (Fig. 6B) . Diphosphorylated ERK in its active and inactive forms equally increased topoisomerase II␣ activity compared to reactions with unphosphorylated ERKs or in the absence of ERK (Fig. 6B) . These data argue against phosphorylation as the mechanism of ERK activation of topoisomerase II.
Topoisomerase II activation was examined with respect to stoichiometry and time of preincubation. As shown in Fig. 6C , DNA relaxation was significant only after the ERK/topoisomerase molar ratio exceeded 2:1 to 4:1. In addition, a 15-min preincubation with diphosphorylated ERK2 was needed before significant topoisomerase activation was observed (Fig.  6D) . Control reactions performed with diphosphorylated ERK2 in the absence of topoisomerase II␣ did not affect DNA relaxation, ruling out the possibility that ERK2 preparations were contaminated with topoisomerase activity (Fig. 6D) .
Monomeric ERK2 promotes topoisomerase II activation. A recent study demonstrated that diphosphorylation of ERK2 promotes homodimerization, driven by a 2,800-fold reduction in K d (23) . Dimerization can be disrupted by mutation of residues in helices ␣C and ␣L16 of ERK2, consistent with subunit packing interactions observed in the X-ray structure of phosphorylated ERK. To test the influence of ERK dimerization on topoisomerase II activation, the mutant ERK2-H176E/ L 4 A, which is impaired in terms of dimerization ability (23), was phosphorylated and tested in relaxation assays. Diphosphorylated ERK2-H176E/L 4 A in fact enhanced topoisomerase activity (Fig. 7A, lanes 3 and 4) compared to that of diphosphorylated wild-type ERK2 (Fig. 7A, lanes 5 and 6) . This difference could not be accounted for by differences in ERK phosphorylation, since diphosphorylated ERK2-H176E/L 4 A and wild-type ERK2 showed similar degrees of gel mobility retardation on immunoblots (Fig. 7B ). An incompletely phosphorylated form of ERK2-H176E/L 4 A (Fig. 7A, lanes 7 and 8) activated topoisomerase II␣ to a degree comparable to that of wild-type diphosphorylated ERK2. Controls showed that neither form of ERK2 affected DNA relaxation in the absence of topoisomerase II␣ (data not shown). Together, these data suggest that catalytic activation of topoisomerase II is favored by interaction with monomeric, diphosphorylated ERK2.
Activation of topoisomerase II via ERK activation in intact cells. To test the physiological relationship between ERK ac-FIG. 5 . ERK activation of topoisomerase II␣ occurs independently of ATP and ERK activity. (A) Active phosphorylated wild-type ERK2 (ppERK WT) (A) or catalytically inactive ERK phosphorylated mutant ERK2 (ppERK KR) (B) was preincubated with human topoisomerase II␣ in the presence (ϩ) or absence (Ϫ) of ATP. The topoisomerase was removed and assayed by decatenation of kinetoplast DNA. The formation of decatenated DNA (D) from catenated DNA (C) was enhanced by preincubation with phosphorylated ERK2, regardless of whether ERK2 was active or ATP was present during the preincubation. Comparison of control reactions, which were not subjected to preincubation (lanes 1), to reactions which were preincubated without ERK or ATP (lanes 5) demonstrated that preincubation alone does not alter topoisomerase activity. tivation and topoisomerase II activity, NIH 3T3 cells were transiently transfected with active mutant MKK1-G1C, which elevates ERK1 and ERK2 activity (35, 58) . Nuclear extracts were prepared from these cells, and topoisomerase II activity was measured by decatenation of kinetoplast DNA. As shown in Fig. 8A , nuclear topoisomerase II activity was enhanced fourfold in cells transfected with constitutively active MKK1 compared to that in cells transiently transfected with wild-type MKK1. A typical experiment comparing the conversion of catenated DNA to decatenated DNA is shown in Fig. 8B . Topoisomerase II activity, determined by measuring the relaxation of supercoiled DNA, showed a similar enhancement in response to MKK1-G1C transfection (data not shown). Control immunoblots verified that topoisomerase II␣ levels were unaltered following transfection (Fig. 8A, inset) . Similar results were obtained with extracts prepared from transfected Chinese hamster ovary cells (data not shown).
To eliminate the possibility that these effects were due to contaminating topoisomerase II␤, immunoprecipitations from nuclear extracts were performed with topoisomerase II␣-specific antibodies and topoisomerase activity was measured in decatenation assays. Figure 9A shows the amount of topoisomerase II␣ which immunoprecipitated from nuclear extracts prepared from cells transfected with wild-type MKK1 or MKK1-G1C. In the latter case, immunoblots of ERK2 demonstrated gel mobility retardation indicative of activation (Fig. 9B) . In decatenation assays, topoisomerase II␣ activity in extracts of cells transfected with MKK1-G1C was elevated compared to that in extracts of cells transfected with wild-type MKK1 (Fig.  9C) . A typical experiment shows the conversion of catenated DNA to decatenated DNA (Fig. 9D) .
Because topoisomerase II␣ protein levels are known to increase during mitosis (46) , it could be argued that the enhanced topoisomerase activity might be caused by an increased proportion of mitotic cells resulting from transfection with MKK1-G1C. Three observations eliminated this possibility. First, topoisomerase II␣ protein levels did not significantly differ between transfections or immunoprecipitations, indicating that the effect occurs at the level of topoisomerase II specific activity (Fig. 8A, inset, and Fig. 9A) . Second, the level of histone IIIS kinase activity measured in cdc2 immunoprecipitates was the same or slightly lower in cells transiently transfected with MKK1-G1C than in cells transfected with wild-type MKK1 (data not shown). Third, the number of mitotic cells, identified by 4Ј,6-diamidino-2-phenylindole (DAPI) staining, did not significantly differ between transfections; mitotic indices in two separate transfections were 5.6 and 3.2% in untransfected cells, 4.4 and 3.5% in wild-type MKK1-trans- 6 g) with the indicated amounts of phosphorylated wild-type ERK. (D) DNA relaxation assays were performed after the indicated time points of preincubation, using phosphorylated wild-type ERK2 (1.6 g) and topoisomerase II␣ (1.6 g) in the preincubation mixture. As a control, diphosphorylated ERK2 was used in the absence of topoisomerase II␣ protein; no effect on DNA relaxation was seen (lane 1). S, supercoiled DNA substrate; R, relaxed DNA products.
fected cells, and 3.6 and 3.5% in mutant-MKK1-transfected cells. Therefore, MKK-or ERK-dependent enhancement of topoisomerase II specific activity was not due to enrichment of mitotic cells.
It was also possible that the activity of topoisomerase II␣ from cells transfected with MKK1-G1C was elevated in vitro in proportion to the amount of active ERK contained in the nuclear extracts. To control for this possibility, purified recombinant diphosphorylated wild-type ERK2 was added to nuclear extracts of cells transfected with wild-type MKK1 to a level comparable to that seen in G1C-transfected cell extracts. No elevation of topoisomerase II activity was observed either in crude nuclear extracts or in topoisomerase II␣ immunoprecipitates (data not shown), indicating that the effect of MKK1-G1C on topoisomerase activity occurs in intact cells prior to cell disruption.
DISCUSSION
In this article, we present several lines of evidence demonstrating regulation of topoisomerase II␣ by the MKK/ERK pathway. First, ERK2 enhances topoisomerase II␣ activity in vitro in a manner that correlates with the phosphorylation state of ERK. Second, nuclear topoisomerase II activity is significantly enhanced on activation of ERK in intact cells by transient transfection of constitutively active MKK1. Finally, the lack of dependence of topoisomerase activation on ERK activity suggests that physical interactions between ERK and topoisomerase II␣ are relevant to the mechanism of activation; this is substantiated by coimmunoprecipitations and interactions between GST-ERK and topoisomerase II derived from purified protein mixtures or nuclear extracts.
Topoisomerase II␣ is a highly abundant chromatin-associated protein which appears to be a major constituent of nuclear scaffold preparations, showing preferential association with A-T-rich sequences within chromatin and colocalizing with scaffold attachment regions (16, 47) . Both topoisomerases II␣ and II␤ become highly phosphorylated in G 2 /M (6, 20, 21, 51) . Whereas a large fraction of topoisomerase II␣ remains chromatin bound, topoisomerase II␤ appears to be released into cytoplasmic pools during mitosis (38) . Thus, topoisomerase II␣ is presumably the major form regulating mitotic chromosome events (21, 39) . Changes in the association of topoisomerase II␣ with centromeres and condensed chromosomes during mitotic progression (38, 42) suggest structural and possibly noncatalytic functions for this enzyme in chromatin organization, which might be controlled by phosphorylation.
The regulation of topoisomerase II activity by phosphorylation is poorly understood, with most of the information being based on in vitro data. Topoisomerase II has been shown to be a substrate for CKII, PKC, cyclin B/cdc2, and sea star MAPK (1, 8, 21, 45, 57) , and our present study demonstrates phos- VOL. 19, 1999 REGULATION OF TOPOISOMERASE II␣ BY ERK 3557 phorylation by mammalian ERK2. At high stoichiometries, phosphorylation by either CKII or PKC occurs concomitantly with a threefold enhancement of lower-eukaryotic topoisomerase II specific activity. Mechanistic studies attribute this effect to enhancement of ATP hydrolysis and enzymatic turnover (9, 10) . More-recent studies have found that the activation of mammalian topoisomerase II␣ by CKII is probably independent of topoisomerase phosphorylation and may instead be accounted for by two alternative mechanisms. One study found that following phosphorylation and activation by CKII, topoisomerase II␣ activity was unchanged upon phosphatase-catalyzed dephosphorylation (26) . In fact, topoisomerase II␣ activity was enhanced following incubation with low concentrations of glycerol in the absence of kinase, suggesting that the activation mechanism involves topoisomerase autoactivation independent of CKII. A second study found that preincubation with CKII protected topoisomerase II␣ from thermal inactivation and that the apparent activation by CKII was actually due to stabilization against activity loss during the preincubation (43) . This protective effect was specific for CKII and could be ascribed to stable interactions previously demonstrated between kinase and topoisomerase II␣ (4), suggesting a potential physiological role for kinase-topoisomerase interactions.
Our results contrast both of these mechanisms. In our hands, topoisomerase II␣ activity was stable throughout the time of preincubation (Fig. 5) ; thus, neither autoactivation nor thermal inactivation appears to be important, while preincubation with phosphorylated ERK2 clearly enhances topoisomerase II␣ activity. The lack of any effect with unphosphorylated ERK indicates that topoisomerase II␣ is somehow able to distinguish between related forms of ERK, most likely through direct interactions with ERK2. Furthermore, topoisomerase appears to be able to distinguish between monomeric and dimeric forms of ERK2, given our finding that diphosphorylated ERK2 dimerization mutants preferentially activate topoisomerase II␣ compared to wild-type ERK2 (Fig. 7A) .
During mitosis, phosphorylation of topoisomerase II␣ increases significantly, suggesting a mechanism for controlling DNA unwinding in chromatin condensation and/or separation (6, 8, 20, 25, 46, 51) . Phosphopeptide mapping studies have shown increased occupancy at Ser1212 and Ser1246 in mitotic cells; both are proline-directed sites that have also been found to be phosphorylated by cdc2 or sea star MAPKs in vitro (57) . In vivo phosphorylation sites have also been mapped at Ser1392 and Ser1353, targeted by cdc2 and MAPK, as well as at thr1342, Ser1360, Ser1376, and Ser1524, targeted by CKII (22, 57) . None of these sites shows clear changes in occupancy during mitosis, as measured by phosphopeptide mapping of enzyme from 32 P-labelled cells. Importantly, specific activity measurements on topoisomerase II extracted from cells have so far not demonstrated an increase occurring during mitosis (27, 38) . It therefore seems likely that phosphorylation regulates topoisomerase II␣ by mechanisms other than enhancement of catalysis. For example, phosphorylation may well regulate topoisomerase interactions with nuclear targets, perhaps through enhancement of enzyme oligomerization (53) .
The fact that ERK translocates to nuclei following stimulation of the MKK/ERK pathway suggests that enhancement of topoisomerase II␣ activity by specific interactions with phosphorylated forms of ERK may be physiologically significant. For example, mitotic phosphorylation may indirectly regulate topoisomerase II␣ activity by modulating its interaction with activating nuclear proteins. In addition, the abundance of topoisomerase II␣ in nuclei suggests that this enzyme may be a potential anchor involved in stabilizing nuclear retention of phosphorylated ERK in response to cell stimulation or during prophase (23, 32, 48, 60) .
Cells treated with various topoisomerase II inhibitors arrest in G 2 /M under conditions of suppressed cdc2 activity, indicating a requirement for chromatin decatenation in mitotic entry (2, 15) . Compelling evidence supporting a requirement for ERK activation for M phase entry has been demonstrated by Wright et al., who found that synchronized cells undergo arrest at G 2 /M in response to dominant-negative MKK1 or the MKK1 inhibitor PD98059 (59) . We speculate that the dual requirement for MKK/ERK and topoisomerase II activities in FIG. 9 . Expression of constitutively active MKK1 enhances the activity of topoisomerase II␣ immunoprecipitated from nuclear extracts. NIH 3T3 cells transiently transfected with wild-type MKK1 or MKK1-G1C were used to prepare nuclear extracts. Topoisomerase II␣ was immunoprecipitated from these extracts, and its activity was determined by measuring kinetoplast decatenation over time. early mitosis may reflect a regulatory interaction between topoisomerase II␣ and ERK. Conceivably, ERK may play an essential role, via topoisomerase II activation, during M phase entry as well as in later mitotic events. We have demonstrated by indirect immunofluorescence of PtK1 cells that active ERK and topoisomerase II␣ colocalize during prophase, when the levels of both enzymes are elevated in the nucleoplasm, and that they specifically colocalize at kinetochore regions of condensed chromatin (data not shown). Interactions between topoisomerase II␣ and ERK2 in nuclei and at kinetochores may represent events during mitosis in which ERK2 regulates topoisomerase II activity and chromatin remodeling.
Our findings also suggest a potential mechanism by which the ERK pathway may contribute to tumorigenesis. Activation of ERK by expression of constitutively active MKK mutants in NIH cells results in transformed morphology, enhanced focus formation, and solid-tumor formation in nude mice (5, 11, 36) , although the transformed phenotype is less pronounced due to the requirement for multiple pathways downstream of Ras (24, 41, 44) . The ability of oncogenic Ras and Mos to compromise the chromosomal stability of somatic cells (12, 19) implies a similar function for MKK/ERK. A link between topoisomerase II and cellular transformation through Ras is further suggested by findings that tumor cell lines containing oncogenic Ras are more sensitive to topoisomerase II inhibitors (29) . Conceivably, unregulated forms of ERK could promote genomic instability by enhancing the frequency of chromosomal translocations due to double-stranded DNA cleavage by topoisomerase II.
